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Abstract
From 14 March to 6 April 2002 aerial surveys were carried out in the Greenland Sea pack-
ice to assess the pup production of the Greenland Sea population of harp seals Pagophilus
groenlandicus. One ﬁxed-wing twin-engined aircraft was used for reconnaissance ﬂights and
photographic strip transect surveys of the whelping patches once they had been located and
identiﬁed. A helicopter assisted in the reconnaissance ﬂights, and was used subsequently to
ﬂy visual strip transect surveys over the whelping patches. The helicopter was also used to
collect data for estimating the distribution of births over time. Three harp seal breeding
patches (A, B and C) were located and surveyed either visually and/or photographically.
Using traditional strip-transect analysis, the total estimate of pup production, including the
visual survey of Patch A, both visual and photographic surveys of Patch B, and photographic
survey of Patch C, was calculated at 98 500 (SE = 16 800), giving a coeﬃcient of variation
for the survey of 17.9%. A new approach in analysis of this type of data, using a spatial
analysis method, has been developed recently. It is the aim of this work to apply this new
method to the data obtained in the 2002 photographic surveys (i.e., patches B and C), and
to compare the results obtained (both point estimates and variances) with previous results
obtained in the traditional strip-transect analysis.
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1 Introduction
Estimating abundance and monitoring changes in population size is critical for the man-
agement of harp seals and to understand their role in the North Atlantic ecosystem. Harp
seals are the most abundant pinniped in the North Atlantic, where they are the focus of
the largest marine mammal harvest in the world. Although the three populations have
historically been exploited and managed separately, the combined total reported harvest
(conducted by Canada, Greenland, Norway and Russia) in 2002 was approximately 450
000 animals (ICES, 2004). Thus, there is considerable interest in assessing the status and
monitoring changes in abundance in all three populations in order to manage the respective
harvests responsibly. In addition, knowledge of harp seal population size is one factor re-
quired in order to estimate the potential inﬂuence of this species on other marine organisms,
including commercially important ﬁsh species.
From 14 March to 6 April 2002 aerial surveys were carried out in the Greenland Sea
pack-ice to assess the pup production of the Greenland Sea population of harp seals. The
method used to estimate the pup production was to count the number of seal on photographs
taken along 1 nm separated transects (Haug et al., 2005/6). To extrapolate the counted
number of pubs to the number of pubs in the whole patch, a conversion factor determined
by dividing the transect interval by the transect width was used. The method does not take
into account spatial seal density variability along the transects, but extrapolate the mean
density along a transect to area between the transects.
In this paper we propose to model the expected seal density (or seal counts) in a patch
as a function of spatial position using a Generalized Additive Model (GAM) (Hastie and
Tibshirani, 1990; Wood and Augustin, 2002; Hedley et al., 1999; Augustin et al., 1998). The
idea is to assume that the number of pubs counted from aerial photographs are negative
binomial distributed but with diﬀerent mean values. Then, by using thin-plate smoothing
splines the GAM provides us with an estimate of the expected seal density at each spatial
location in the patch.
2 Materials and methods
2.1 Reconnaissance surveys
Whelping concentrations were located using ﬁxed-wing and helicopter reconnaissance sur-
veys of areas historically used by harp and hooded seals in the Greenland Sea, mainly the
pack ice areas along the eastern coast of Greenland between 67o 30'N and 74o 40'N (Fig. 1).
Surveys were carried out between 14 March and 5 April 2002 at altitudes between 800-1000
ft. Reconnaissance ﬂights using the ﬁxed-wing aircraft were generally ﬂown as repeated
systematic east-west transects spaced 10 nm apart, from the ice edge in the east into the
dense drift ice closer to the Greenland shore. Due to ice drift and variation in pupping
dates (mid to late March, see Øritsland and Øien (1995)), most areas were surveyed repeat-
edly to minimize the chance of missing whelping concentrations. Color markers and VHF
transmitters were deployed in major whelping concentrations to facilitate relocation and to
monitor ice drift.
2.2 Estimates of abundance
2.2.1 Photographic surveys
Fixed-wing aerial photographic surveys were ﬂown using a PA31 Piper Navajo ﬁtted with
the gyro mounted Leica RC 30 camera with 15,3 cm lens and AGFA PAN 200 aerographic
black-and-white ﬁlm. The surveys were mainly conducted at an altitude of 191m (includes
the entire patch B), but due to low ceilings most transects were carried out at lower altitudes
(some as low as 138.5m) in patch C. To avoid variations along transects, altitudes were
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Figure 1: Survey area in the Greenland sea with three seal patches (A, B, and C): Shaded
area indicate where ﬁxed-wing reconnaissance surveys where ﬂown.
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monitored continuously during the entire photographic survey. The images covered areas
varying from 284.1× 284.1m to 206.2× 206.2m per photo at altitudes of 191m and 138.5m,
respectively. Each transect was allocated coverage according to ﬂying altitude. Photos
were taken along each transect at time intervals separated suﬃciently to avoid overlap. The
camera was turned on when seals were observed on a transect line, turned oﬀ if open water
occurred for an extended period along a transect, and turned on when ice was encountered
again. The photography on a transect line was ﬁnished when no seals were observed.
Correct altitude and transect spacing were maintained using radar altimeter and a satellite
navigation system (GPS).
2.2.2 Photographic counts
Positive prints were examined by two readers. Each frame was examined using an illumi-
nated hand-lens (7-8X magniﬁcation). Readers examined a common series of photographs
and compared seals identiﬁed with a reader with extensive previous experience. Once the
cues used to identify seals were consistent among readers, all photos were read once. For
each photograph the number and position of all pups were recorded on a clear acetate
overlay.
After all photographs were read, the readers re-read a series of their photographs in
sequence to determine if identiﬁcations had improved over the course of the readings (i.e.
the 'learning curve'). Photos were read until the second readings were consistently within
1% of the ﬁrst. The original readings were replaced with the second readings up to this
point. Additional photos were read subsequently to ensure that the ﬁrst and second reading
were consistent.
2.2.3 Conventional survey analysis
Both visual and photographic surveys were based on a systematic sampling design with a
single random start and a sampling unit of a transect of variable length.
The estimated number of pups for the ith survey is given by
N convi = ki
Ji∑
j=1
xi, (1)
where Ji is the number of transects in the ith survey, ki is a weighting factor for the ith
survey determined by dividing the transect interval by the transect width, xj is the number
of pups on the jth transect. The estimates of the number of pups along a transect could
not be corrected for areas that were not surveyed.
The estimates of error variance V convi , based on serial diﬀerences between transects
(Kingsley et al., 1985), were calculated as
V convi =
ki(ki − 1)Ji
2(Ji − 1)
Ji−1∑
j=1
(xj − xj+1)2. (2)
2.2.4 Proposed survey analysis
The data were analyzed using the spatial modeling methods based on Generalized Additive
Models (GAMs). The proposed technique is similar to those proposed by Hedley et al.
(1999), but applies a 2D smoothing function. The counted number of pubs of the ith
photograph is
Ni = Aibi, (3)
where Ai is the area covered by the ith photograph, and bi is the density of pubs in photo-
graph i.
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Even thought we are dealing with count data, a Poisson error distribution will not be
appropriate because of the over-dispersion. We therefore assume that the data are negative
binomial distributed (Thurston et al., 2000). The negative binomial distribution model of
the count data is deﬁned by
P (Ni = ni|µi, k) =
(
Γ(Ni + k)
Γ(k)Γ(Ni + 1)
)(
µi
k + µi
)Ni ( k
k + µi
)k
, (4)
where µi = E{Ni} and k is a shape parameter. If k is known, the negative binomial distri-
bution would be in the exponential family of distributions. For a given µ = [µ1, . . . , µn]T ,
the log likelihood (assuming statistically independent data) of the shape parameter k is
(Thurston et al., 2000)
`(k;µ) = n[k log k − log Γ(k)] +
n∑
i=1
[log Γ(Ni + k)− (Ni + k) log(k + µi)] + d(N,µ), (5)
for some function d(N,µ).
The canonical link function for the negative binomial distirbution is ηi = log{µi/(µi +
k)}, but has the disadvantage that ηi must be negative (Thurston et al., 2000). We therefore
apply the log link, i.e.
µi = E{Ni} = exp [log(Ai) + θ0 + S(zi1, zi2))] , (6)
where the oﬀset variable Ai is the area of the ith photograph, θ0 is an oﬀset parameter to
be estimated, and S(·, ·) is a smoothing function of the spatial covariables. We will assume
that the smoothing function is a thin-plate smoothing spline (Green and Silverman, 1994;
Wood, 2003). Note that the expected seal density is then given by
E{bi} = exp [θ0 + S(zi1, zi2))] , (7)
and since it is often more preferable to work with the density of seals rather than the exact
count, the smoothing function S(·, ·) and the parameter θ0 will be adjusted to model the
expected seal density.
Under the assumption of exponential family data, the GAM may be ﬁtted to the data
using the local scoring algorithm (Hastie and Tibshirani, 1990). However, since the negative
binomial distribution is only included in the exponential family for known k, the local
scoring algorithm may only be used to ﬁt the GAM for ﬁxed k. Furthermore, for known µis
the shape parameter may be estimated as the argument that maximizes the log likelihood
function in Eq. (5). After the unknown µs and shape parameter k are estimated, the count
data are modeled as negative binomial distributed data, but with diﬀerent mean values
corresponding to diﬀerent photographs.
2.2.5 Abundance estimation
Once the model has been chosen, we may use the model to predict the seal density at any
location in the patch. Hence, the GAM provides a smooth expected seal density surface
over survey area. To estimate the total abundance in the patch, we integrate (numerically)
the expected seal density surface over space (Augustin et al., 1998).
The method used to estimate the parameters involved in the GAM model are given in
the Appendix.
3 Results
3.1 Patch B
A survey of Patch B (occupying an area between 70o 52'N - 71o 25'N and 14o 44'W - 16o
38'W) was successfully completed 29 March (Fig. (?)). Twenty transects were ﬂown in an
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Figure 2: Left: Relative sample locations of Patch B of seal density data, with symbol sizes
proportional to the row density estimate at the sampling location. Right: Contour plot of
the expected seal density of Patch B.
east-west direction, spaced 2 nautical miles apart. A total of 5 220 pups was counted on
the 521 exposures obtained.
Correcting for reader errors, but not for pups born outside the photographs along a
transect, pup production using conventional survey analysis was estimated to be 66 545
(SE = 13 534).
Using the proposed method the pub production (not correcting for readers errors) was
estimated to be 149 760. That is almost twice as using the conventional survey analysis.
Fig. 2 (left) show the relative sample locations of Patch B of seal density data, with symbol
sizes proportional to the row density estimate at the sampling location. The right panel
show the contour plot of the expected seal density of Patch B obtained from the GAM.
3.2 Patch C
The harp seal whelping Patch C was surveyed with photographic strip transects on 6 April
in relatively diﬃcult weather conditions (Fig. 1). However, 14 east-west transects, spaced
1 nautical mile apart, were ﬂown over the whelping patch which covered an area between
69o 01'N - 69o 14'N and 19o 06'W - 19o51'W. A total of 321 exposures were taken, on these
1 282 pups were counted. Including the correction for reader errors, but not for pups born
outside of photographs along a transect, a total of 11 166 (SE= 1 202) were estimated to
have been born using the conventional survey analysis.
Using the proposed method the pub production (not correcting for readers errors) was
estimated to be 22 700. Hence, we obtained an estimate that is more than twice as high as
using the conventional survey analysis. Fig. 3 (left) show the relative sample locations of
Patch C of seal density data, with symbol sizes proportional to the row density estimate at
the sampling location. The right panel show the contour plot of the expected seal density
of Patch C obtained from the GAM.
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Figure 3: Left: Relative sample locations of Patch C of seal density data, with symbol sizes
proportional to the row density estimate at the sampling location. Right: Contour plot of
the expected seal density of Patch C.
4 Discussion
By taking into account spatial inhomogeneity in the density of seal models, we showed
that the estimated number of seal pubs changed dramatically, compared to the estimates
obtained in (Haug et al., 2005/6). This is due mainly because the total area in patch using
the proposed method is larger than the area used in (Haug et al., 2005/6).
However, the method possess some uncertainties. These includes: Which distribution
to base the GAM model on. We have chosen the negative binomial distribution, mainly
because it allows over-disbursed data. However, other densities may also be used. What
are the correct number of degrees-of-freedom? In our paper we have applied the generalized
cross-validation method (Wood and Augustin, 2002) to choose the number of degrees-of-
freedom, but we may also apply the more computer intensive (standard) cross-validation
method.
Note that we do not give an estimate of the abundance since we do no not take into
account the temporal distribution of births, neither reading errors of the readers.
Appendix
To estimate the µis in the GAM model and the shape parameter k we apply the alternate
proﬁle likelihood algorithm proposed by Thurston et al. (2000), which alternates between
holding k ﬁxed and updating the µis through the local scoring algorithm, and holding the
µis ﬁxed and updating the maximization of Eq. (5).
The algorithm may be summarized as (Thurston et al., 2000):
Alternating proﬁle likelihood algorithm
1. Initialize k̂.
2. Compute η̂i = θ0+S(zi1, zi2), a ﬁtted GAM, using the local scoring algorithm assum-
ing a negative binomial likelihood with k = k̂, and set µ̂i = eη̂i
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3. Update k according to k̂ = argmax
k
`(k, µ̂)
4. Repeat steps 2 and 3 until convergence.
Local scoring algorithm
1. Initialize θ̂0 = log b.
2. Set Z = η̂i+(b−eη̂i)/eη̂i , wi = keη̂i/(eη̂i+k), and θ̂0 = Z and ﬁt the weighted additive
model using thin-plate smoothing splines with dependent variable Z and independent
variables z1 and z2.
3. Repeat step 2 until convergence.
Thin-plate smoothing spline estimation
The thin-plate smoothing spline is calculated according to the method suggested by
Wood (2003). Let x1, . . . ,xn denote the spatial position where the photographs are taken,
and let y = [b1, . . . , bn]T be a vector of the observed seal densities. Thin plate smoothing
splines are used to ﬁnd the function S minimizing (Green and Silverman, 1994; Wood, 2003)
‖y − s‖2 + λJ(S), (8)
where s = [S(x1), . . . , S(xn)]T , J(S) is a penalty functional measuring the wiggliness of
S and λ is a smoothing parameter that controls the trade-oﬀ between data-ﬁtting and
smoothness of S. For 2D smooting spliens the penalty is deﬁned as
J =
∫∫ (
∂2S
∂x21
)2
+
∫∫ (
∂2S
∂x1∂x2
)2
+
∫∫ (
∂2S
∂x22
)2
dx1dx2. (9)
The function minimizing (8) has the form
S(x) =
n∑
i=1
δiη(‖x− xi‖) +
3∑
j=1
αjφj(x), (10)
where η(r) = (1/16pi)r2 log(r2), φ1(x) = 1, φ2(x) = x1, and φ2(x) = x2. The parameter
vectors and δ and α are unknown vectors to be estimated subject to the constraint TT δ = 0
and Tij = φj(x). By deﬁning the matrix E with Eij = η(‖xi − xj‖), the spline ﬁtting
problem becomes (Wood, 2003)
minimize ‖y −Eδ −Tα‖2 + λδTEδ, subject to TT δ = 0, (11)
with respect to α and δ.
To select the smoothing parameter λ we used the generalized cross-validation method
(see e.g. (Wood, 2000)).
In this paper we consider the low-rank smoothers suggested by Wood (2003). The
smoothers are constructed by considering a low rank approximation of E based on eigen-
decomposition. Wood (2003) provide a full description of the method.
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